We investigated the association of pre-operative activity, reported by the Duke Activity Score Index, Short Form-12 and measured by an accelerometer worn at home, with five cardiopulmonary exercise variables: peak power; peak oxygen consumption; anaerobic threshold; and ventilatory equivalents for oxygen and carbon dioxide. Fifty patients scheduled for major surgery underwent a standard pre-operative cardiopulmonary exercise test and wore a chestmounted triaxial accelerometer for a mean (SD) duration of 3.2 (0.4) days. The Duke Activity Score Index and six accelerometer variables were significantly correlated with all five cardiopulmonary exercise variables, Pearson correlation coefficients 0.5-0.7, p = 0.02 to p < 0.001. Our results can guide future studies that measure physical activity for pre-operative assessment and interventions.
Introduction
To improve the outcomes of patients at high risk of peri-operative morbidity and mortality, we first need to identify them [1] . These patients often have reduced functional reserve and a reduced ability to increase oxygen flux to meet postoperative demand [2] . Cardiopulmonary exercise testing measures cardiac and pulmonary capacity, which are associated with postoperative outcomes [3] . However, pre-operative cardiopulmonary exercise testing is usually restricted to hospitals and selected patients. Evidence for its use in planning and assessing pre-operative exercise programmes is limited [4] . The accurate continuous measurement of physical activity at home is an important component of pre-operative exercise interventions [5] . Physical activity is associated with cardiorespiratory fitness, chronic disease and premature death [6] . Selfreported increases in physical activity are associated with increased peak oxygen consumption during cardiopulmonary exercise testing [7] . Wearable accelerometers are a relatively cheap method for objectively measuring patient activity and can assess the efficacy of exercise programs [8] . Tri-axial accelerometry provides accurate and sensitive data on the duration, frequency and intensity of activity that is more detailed than pedometry and questionnaires [9] .
Accelerometers have not previously been used to assess fitness before major surgery. We aimed to explore the associations between accelerometer variables measured at home with variables measured during cardiopulmonary exercise testing in patients scheduled for major surgery. We also assessed the acceptability and feasibility of using an accelerometer to determine the pre-operative activity level of patients.
Methods
The East of England-Norfolk ethics committee approved this study. We recruited participants from patients attending the pre-operative cardiopulmonary exercise clinic, all of whom provided written informed consent. Participants completed two questionnaires: the Duke Activity Status Index and the Short Form-12 [10, 11] . Participants performed incremental, symptom-limited cardiopulmonary exercise tests on an electronically braked cycle ergometer (Ergoselect 200, Ergoline, GmbH, Bitz, Germany) with continuous 12-lead ECG, pulse oximetry and gas analysis (Ultima TM CardiO2
â Gas Exchange Analysis System, MGC Diagnostics, St. Paul, MN, USA). We recorded non-invasive blood pressure intermittently. We stopped the test if the pedal cadence fell to < 55 rpm or the participant developed new ECG dysrhythmia, > 2 mm of ST elevation or depression, or blood pressure > 220 mmHg systolic or > 120 mmHg diastolic. We used the modified v-slope to determine the oxygen consumption at the anaerobic threshold, confirmed by a nadir for oxygen ventilatory equivalent [12] . The peak oxygen consumption was the highest 10-s average. We also analysed: peak power; the ventilatory equivalent for carbon dioxide (determined as a ratio at the anaerobic threshold); oxygen consumption normalised to body size (kg À0.83 ); and the predicted values for peak oxygen consumption and ventilatory equivalents for oxygen and carbon dioxide (normalised to patient sex, age, height and weight [13] ). Participants wore a waterproof accelerometer (AX3, Axivity, Newcastle, UK) continuously for three days, which we attached to the top of the participant's chest with an adhesive plaster after the cardiopulmonary exercise test. We told patients how to re-attach the accelerometer if it became detached. We corrected the data record if the accelerometer was orientated incorrectly. We set the acceleration sensitivity to AE 8 g (or 78.5 m.s À2 ), which was recorded in three perpendicular axes 100 times per second. We analysed the magnitude and frequency of accelerations and its components in each axis. We used fast Fourier transformation to integrate frequency between 1 Hz and 10 Hz of the power spectrum. We recorded the tilt angle of the accelerometer relative to the horizontal plane. We did not analyse data from days when the accelerometer was worn for less than 23 h, to avoid misrepresentation of daytime and night-time activity.
We used an algorithm to categorise each 10-s period as active, stationary or lying, according to the magnitude and frequency of accelerations and the angle of the accelerometer [14] . We also scored each minute window of data according to the average intensity of movement to produce an 'activity score', which was summated and averaged for each 24-h period [14] . The activity score was used to further categorise windows of data as 'not sedentary' if the activity score reached > 0.005 m 2 .s
À4
.Hz
À1
. We calculated that a cohort of 47 participants would have 80% power to identify a Pearson's correlation coefficient ≥ 0.4 at p ≤ 0.05 between an activity variable and either anaerobic threshold or peak oxygen consumption [15] . We included activity variables that were significantly associated with anaerobic threshold or peak oxygen consumption, in a multiple linear regression analysis (using the 'enter' method). We checked that the assumptions of linearity, multicollinearity, independence of errors, homoscedasticity and normally distributed errors were not violated. We used SPSS (version 22.0, SPSS for Windows, Chicago, IL, USA), Matlab (MATLAB and Statistics Toolbox Release 2013b, The MathWorks Inc, Natick, MA, USA) and R-3.2.4 (R Foundation for Statistical Computing, Vienna, Austria).
Results
We recruited 50 participants of whom 48 completed the cardiopulmonary exercise tests (Table 1) . Participants wore the accelerometer for a minimum of 2 days and a mean (SD) of 3.2 (0.4) days. All but one patient reported the accelerometer convenient to wear. Activity is reported in Table 2 .
Several measures of activity correlated linearly with peak power, peak oxygen consumption and anaerobic threshold, r = 0.5-0.7 (Table 3, Figs. 1 and 2). Activity also correlated with ventilatory equivalents for oxygen and carbon dioxide, but less strongly (r < 0.5). There was no significant correlation between the activity variables and the predicted values for peak oxygen consumption. Activity measures that did not correlate with cardiopulmonary exercise variables were accelerations in the vertical or lateral axes, the mean tilt of the accelerometer and the proportion of time categorised as stationary or lying down.
On multivariable linear regression analysis, the activity variables that correlated most with peak oxygen consumption were: the maximum activity score; the variability in acceleration; the proportion of time categorised as active; and the proportion of time categorised as not sedentary, r 2 = 0.44, p < 0.0001.
Similarly, variables correlated with anaerobic threshold on multivariable analysis were: the proportion of time categorised as active; and the proportion of time categorised as not sedentary, r 2 = 0.41, p < 0.0001.
Discussion
This study is the first to investigate associations between pre-operative accelerometry and cardiopulmonary exercise tests. Several accelerometer measurements were associated with peak power, peak oxygen consumption and anaerobic threshold. Patients reported wearing an accelerometer at home for three consecutive days was acceptable. Accelerometry is correlated with total energy expenditure in healthy individuals [16] . The categorisation of activity from accelerometry agrees with 81-93% of videotape analyses [17] . Accelerometry has been used to measure activity in patients with musculoskeletal disorders, chronic obstructive airways disease [18] and heart failure [19] . Fewer accelerometry studies have quantified activity before and after surgery [20, 21] . We found that accelerometer measures of activity were associated with cardiopulmonary exercise testing variables, while accelerometer measures of inactivity were not. This is perhaps not surprising as inactivity does not directly (and inversely) determine the capacity for activity. However, measures of inactivity as well as activity may inform pre-operative exercise programmes and postoperative rehabilitation. A study found an increased frequency of pulmonary complications after oesophagectomy in patients who were more sedentary before surgery [22] .
Our patients were inactive for 95% of the 24-h day and sedentary for more than 99% of the time, with a median length of contiguous activity of just 7 min. Worldwide, two-thirds of adults > 60 years are sedentary for more than 8.5 h of their waking day [23] . Our patients were older (mean age 71 years), and our results suggest this pre-operative population are achieving well below the recommended levels of activity for older adults. The national activity recommendation for adults over 65 years is 150 min of moderate intensity activity per week, which should be done in bouts of 10 min or more [24] . In contrast to the evidence available for younger, fit adults, there is no standard accelerometry measure of activity that is known to be predictive of cardiorespiratory fitness in the older adult population [25] . Pedometers and questionnaires are insensitive to variations in activity and cannot measure the frequency, duration and intensity of activity necessary to determine the effects of exercise interventions [26, 27] .
One-quarter of our participants did not wear the accelerometer for 72 h, which might have limited how representative our results were for the total cohort. A large study of a wrist accelerometer, worn by 29,765 participants for one week, reported that 72 h of continuous data was needed for results to be within 10% of the total value [28] . It is unknown which site is best for positioning an accelerometer in the pre-operative population: compliance with wrist devices is high but the data are less reliable [29] . Accelerometers worn at different sites can improve the accuracy of classifying an activity, for instance sitting vs. standing, but compliance may deteriorate more quickly than for a single accelerometer. We chose the chest site for placement of the accelerometer as it is more reliable than the wrist [30] . We think that an accelerometer worn on the chest offers the best combination of comfort, compliance and accuracy for pre-operative patients, although it will underestimate activity when the legs or arms move but the chest does not, for instance cycling. A heart rate monitor, used in conjunction with an accelerometer, might help identify cycling and similar activities.
In summary, pre-operative accelerometry is feasible and it is associated with fitness measured by cardiopulmonary exercise tests. We think that the duration of moderate intensity activity is likely to be the most useful measure of fitness. We anticipate that longitudinal measures of daily activity will supplement formal cardiorespiratory fitness assessments before and after surgery.
